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(57) ABSTRACT

A multilayer dielectric stack 1s provided which has alternat-
ing layers of a high-k material and an interposing material.
The presence of the interposing material and the thinness of
the high-k material layers reduces or eliminate effects of
crystallization within the high-k material, even at relatively
high annealing temperatures. The high-k dielectric layers are
a metal oxide of preferably zircontum or hafnium. The
interposing layers are preferably amorphous aluminum
oxide, aluminum nitride, or silicon nitride. Because the
layers reduce the effects of crystalline structures within
individual layers, the overall tunneling current 1s reduced.
Also provided are atomic layer deposition, sputtering, and
evaporation as methods of depositing desired materials for
forming the above-mentioned multilayer dielectric stack.

13 Claims, 4 Drawing Sheets
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METHOD OF FORMING A MULTILAYER
DIELECTRIC STACK

CROSS REFERENCE TO RELATED
APPLICATTIONS

This application 1s a divisional of application Ser. No.
09/502,420, filed Feb. 11, 2000, entitled “Multilayer Dielec-
tric Stack and Method,” mvented by Yanjun Ma and Yoshi
Ono, now U.S. Pat. No. 6,407,435.

BACKGROUND OF THE INVENTION

The present 1nvention relates generally to integrated cir-
cuit (IC) fabrication processes and, more particularly, to a
multilayer dielectric stack, and a method for producing such
a stack.

Current S1 VLSI technology uses S10,, as the gate dielec-
tric 1n MOS devices. As device dimensions continue to scale
down, the thickness of the S10, layer must also decrease to
maintain the same capacitance between the gate and channel
regions. Thicknesses of less than 2 nanometers (nm) are
expected 1n the future. However, the occurrence of high
tunneling current through such thin layers of S10, requires
that alternate materials be considered. Materials with high
dielectric constants would permit gate dielectric layers to be
made thicker, and so alleviate the tunneling current problem.
These so-called high-k dielectric films are defined herein as
having a high dielectric constant relative to silicon dioxide.
Typically, silicon dioxide has a dielectric constant of
approximately 4, while 1t would be desirable to use a gate
dielectric material with a dielectric constant of greater than
approximately 10.

One common problem associated with the above-
mentioned high-k dielectrics 1s that they develop a crystal-
line structure under normal integrated circuit manufacturing
conditions. As a result, the surface of the film 1s very rough.
Surface roughness causes non-uniform electrical fields 1n the
channel region adjacent the dielectric film. Such films are
not suitable for the gate dielectrics of MOSFET devices.

Because of high direct tunneling currents, S10, films
thinner than 1.5 nm generally cannot be used as the gate
dielectric in CMOS devices. There are currently intense
efforts 1n the search for the replacement of $S10,, with Ti10,,
and Ta,O. attracting the greatest attention. However, high
temperature post deposition annealing, and the formation of
an interfacial S10, layer, make achieving equivalent S10,

thicknesses, also known as equivalent oxide thickness
(EOT), of less than 1.5 nm very difficult.

It would be advantageous if an alternative dielectric that
alleviated concerns about thin oxide films without degrading
overall performance or increasing tunneling current could be
used.

It would be advantageous if a high-k dielectric film could
be used as an insulating barrier between a gate electrode and
the underlying channel region in a MOS transistor.

It would be advantageous if high-k dielectric films could
be formed with reduced surface roughness, crystallinity, and
clectrical leakage. It would be advantageous 1f these non-
crystalline high dielectric constant materials could be used
in gate dielectrics and storage capacitors of integrated cir-
Cuits.

SUMMARY OF THE INVENTION

Accordingly, a multilayer dielectric stack composed of
alternating layers of high-k material, which have high
dielectric constants relative to silicon, and interposing mate-
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rial 1s provided. The high-k material 1s selected from tita-
nium oxide (Ti10,), zirconium oxide (ZrO,), hafnium oxide
(HfO,), tantalum oxide (Ta,Os), and barium and strontium
titanium oxide ((Ba,Sr)Ti0,), preferably zirconium oxide or
hafnium oxide. The interposing material 1s selected from
aluminum oxide (Al,O;), aluminum nitride (AIN), silicon
nitride (SiN or Si;N,), or silicon dioxide (S10,), preferably
alumimmum oxide, aluminum nitride or silicon nitride.

Preferably, alternating layers of high-k material and inter-
posing material replace prior art silicon dioxide dielectric
layers 1n integrated circuits. Each layer 1s preferably
between less than 50 angstroms thick. The thin layers of
high-k material bounded by interposing material reduces or
climinates the formation of crystalline structures. The mul-
tiple layers reduce the tunneling current, which allows for
better device performance. For a fixed total height, addi-
tional layers will reduce tunneling current. The overall
capacitance of a given height stack will vary depending
upon the dielectric constant of both the interposing material
and the high-k material. The number of layers for a desired
total thickness will be limited by the minimum thickness
obtainable for each layer, and the device characteristics
desired.

Also provided is an integrated circuit (IC) structure for an
IC comprising a multilayer dielectric stack having a first
layer of dielectric material overlying a semiconductor
substrate, a second layer of dielectric material overlying the
first layer, a third layer composed of the same material as the
first layer overlying the second layer, and an electrode
overlying the dielectric stack. The content of the dielectric
stack 1s as described above. The overall thickness of the
dielectric stack 1s preferably between 20 and 200 angstroms.

In another embodiment of the present invention, the
integrated circuit structure 1s a MOS transistor comprising a
cgate electrode, a channel region having a top surface under-
lying the gate electrode, and a gate dielectric stack, which
comprises a first dielectric layer comprising a first dielectric
material, a second dielectric layer comprising a second
dielectric material, and a third dielectric layer comprising
the same material as the first dielectric layer, interposed
between the gate electrode and the channel region top
surface.

Some aspects of the mvention further comprise an 0xi-
dation barrier interposed between the silicon substrate and
the dielectric stack to prevent oxygen from migrating into
the silicon substrate beneath the dielectric stack. The inter-
face material 1s selected from the group consisting of
aluminum nitride, silicon nitride, and silicon oxynitride.

In the fabrication of an IC on a semiconductor substrate
having an upper surface, a method 1s provided to form a
multilayer dielectric stack on the semiconductor substrate.
The method comprises the steps of:

a) forming a first dielectric layer on the upper surface of
the semiconductor substrate;

b) forming a second dielectric layer on the first dielectric

layer; and

c) forming a third dielectric layer above the second

dielectric layer, wherein the third dielectric layer com-
prises the same dielectric material as the first dielectric
material.

Preferably, each dielectric layer 1s formed by atomic layer
deposition, which 1s sometimes referred to as pulsed CVD,
of a precursor followed by oxidation of the precursor to form
the desired oxide material. Although atomic layer deposition
1s preferred, alternative methods of depositing each dielec-
tric layer include sputtering and evaporation.
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Following deposition of multiple dielectric layers, the
entire dielectric stack 1s preferably annealed at temperatures
between approximately 400 and 900 degrees Celsius to
condition the stack, the interfaces between the layers, and
the interface with the substrate.

Subsequent processing can be performed to complete the
formation of the IC, mcluding depositing an electrode layer
and patterning the electrode layer and underlying multiple
dielectric layers to form a multilayer dielectric stack struc-
ture.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic cross-sectional view showing an
integrated circuit structure with a silicon dioxide dielectric
layer (prior art).

FIG. 2 1s a schematic cross-sectional view showing an
integrated circuit structure with a multilayer dielectric stack.

FIG. 3 1s a schematic cross-sectional view illustrating that
the number of layers in the multilayer dielectric stack can be
varied.

FIG. 4 1s a schematic cross-sectional view showing an
oxidation barrier 1nterposed between a silicon substrate and
the multilayer dielectric stack.

FIG. 5 1s a schematic cross-sectional view showing an
intermediate stage following deposition of multiple dielec-
tric layers and an electrode layer.

FIG. 6 1s a schematic cross-sectional view showing an
intermediate stage 1n the formation of a device according to
the present mvention utilizing a replacement gate method,
which illustrates the structure after removal of the prelimi-
nary gate.

FIG. 7 1s a schematic cross-sectional view showing an
intermediate stage 1n the formation of a device according to
the present mvention utilizing a replacement gate method,
which 1llustrates the structure after depositing multiple lay-
ers of dielectric material and a layer of electrode material.

FIG. 8 1s a schematic cross-sectional view showing the
device of FIG. 7 following a planarization process to remove
excess material.

FIG. 9 1s a flow chart summarizing the steps in the method
of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

Referring now to the drawings, which are for 1llustration
purposes (not to scale), FIG. 1 shows a common prior art
integrated circuit (IC) structure, specifically a MOS transis-
tor gate structure 10. MOS transistor gate structure 10
formed on a semiconductor substrate 12 above an active arca
14 containing a channel region 15. MOS transistor gate
structure 10 has a silicon dioxide dielectric layer 16 located
above channel region 15 having a width. An electrode 18,
which 1s typically doped polysilicon, 1s formed above the
dielectric layer 16 to complete the gate structure 10.

A completed MOS ftransistor will also include source
region 21, drain region 23 and field 1solation region 27,
which are illustrated m FIG. 1 and 1n some other figures.
But, these features will not be further described or 1dentified
as they are well known to those skilled 1n the art. Throughout
the remainder of this description structures analogous to the
MOS transistor gate structure 10 will often be referred to as
an integrated circuit structure to emphasis the applicability
of the present invention to other device structures using
dielectric materials.

As IC devices continue to shrink 1n size, the thickness of
the silicon dioxide dielectric layer 16 must also get smaller
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to maintain the same capacitance level and other character-
istics of the overall device. The “size” of IC devices gen-
erally refers to the length of the channel region 15. That
length 1s generally equal to the length of the gate electrode
18 as 1t appears 1n FIG. 1. As the length continues to shrink
the area of the channel region decreases. In order to maintain
the capacitance, the thickness of the silicon dioxide layer
must decrease. As the necessary thickness of the silicon
dioxide dielectric layer becomes very thin, on the order of 20
angstroms, the presence of high tunneling current generally
requires use of alternative materials. The alternative mate-
rials are referred to as “high-k” materials because they have
a high dielectric constant relative to silicon dioxide. Current
candidates for high-k materials include fitantum oxide
(Ti0,), zirconium oxide (ZrO,), hatnium oxide (HfO,),
tantalum oxide (Ta,O;), and barium and strontium titanium
oxide (Ba,Sr)TiO;. Unfortunately, these materials tend to
develop polycrystalline structures under normal preparation
conditions or subsequent process temperatures. These poly-
crystalline structures have been associated with increased
leakage currents.

The present mvention addresses these concerns by using
alternating layers of high-k materials, and interposing mate-
rials. The interposing materials are preferably amorphous.
Thin interposing layers separating thin high-k layers reduce
or eliminate the formation of polycrystalline structures
within the high-k layers. Since the interposing materials are
amorphous, they tend to further reduce the amount of
crystallization 1n the adjacent layers. Also by having thin
high-k layers, any crystallization that may occur will pro-
duce relatively small crystal structures. Although amorphous
interposing materials are preferred, single crystal materials,
or materials having small polycrystalline structures are also
within the scope of the present 1nvention.

Referring now to FIG. 2, a integrated circuit structure 110
1s formed over an active region 114 of an semiconductor
substrate 112. The integrated circuit structure has a multi-
layer dielectric stack 116 that replaces silicon dioxide dielec-
tric layer 16, shown in FIG. 1. The multilayer dielectric stack
has an interposing layer 130 above the active region 114, and
a high-k layer 140 above interposing layer 130. Interposing
layer 130 1s composed of aluminum oxide (Al,O,), alumi-
num nitride (AIN), silicon nitride (SiN or Si;N,), or silicon
dioxide (S10,), but preferably aluminum oxide. Interposing
layer 130 1s less than 50 angstroms thick. High-k layer 140
1s composed of a high-k dielectric material. The high-k

dielectric material 1s titanium oxide ('110,), zirconium oxide
(ZrO.,), hafnium oxide (HfO,), tantalum oxide (Ta,O), or
bartum and strontium titanium oxide ((Ba,Sr)TiO,), but

preferably ZrO,, or HIO,. A second interposing layer 150
overlies the high-k layer 140 and 1s preferably composed of
the same material as interposing layer 130. In a preferred
embodiment of the present invention the layers will repeat,
for example Al,O,/7Zr0O,/Al,0,/ZrO,/Al,0./Zr0O..

As 1llustrated by FIG. 3 the number or pattern of layers
could repeat many times. Each additional layer will tend to
reduce the tunneling current of the multilayer dielectric
stack, while at the same time reducing the overall capaci-
tance. Since 1t 1s desirable to have a high capacitance with
a low tunneling current, a balance will preferably be deter-
mined based on the desired performance of the IC device. It
would also be possible to reverse the order of the materials
such that high-k layer 140 would be deposited prior to
interposing layer 130.

Although we have described an even number of layers
above, 1t 15 also within the coverage of the present invention
to have an extra layer as the topmost layer. The topmost
layer can be selected to provide good interface with an

electrode 118.
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Interposing layer 130 1s preferably chosen from a material
that will act as an oxidation barrier to protect the underlying
silicon. If mterposing layer 130 will not act as an oxidation
barrier, or 1f high-k layer 140 would otherwise be 1n contact
with the underlying silicon substrate, an oxidation barrier
170 1s provided between semiconductor substrate 112 and
multilayer dielectric stack 116, as shown 1n FIG. 4. Materials
that act as oxidation barriers, at the thicknesses required by
the present invention, include aluminum oxide, silicon
nitride and silicon oxynitride.

FIG. 5 1llustrates an embodiment of an intermediate stage
in the production of an integrated circuit structure, with a
multilayer dielectric stack 216 according to the present
invention. Multiple alternating layers of high-k material 230
and interposing material 240 are deposited over an entire
waler 212 to form multilayer dielectric stack 216. Then an
clectrode layer 218 1s also deposited over the entire wafer.
Electrode layer 218 and underlying multilayer dielectric
stack 216 1s patterned and then etched to produce the
integrated circuit structure shown in FIG. 2. Additional
processes can be performed to produce junctions or other
structures as desired.

The multilayer dielectric stack of the present invention
would also be suitable for use 1n connection with emerging,
substitute gate manufacturing methods. Substitute gates
involve the formation of a preliminary gate structure, which
1s subsequently removed. After the preliminary gate struc-
ture 1s removed, an opening 1s left where the preliminary
cgate structure was. A final gate can then be formed in the
opening. FIG. 6 shows a semiconductor substrate at an
intermediate stage 1n the formation of a substitute gate. The
preliminary gate structure has been removed to produce an
opening 300 surrounded by a planarization material 311,
which 1s preferably silicon dioxide or silicon nitride.

FIG. 7 shows a subsequent stage wherein multiple dielec-
tric stack layers 316, formed from alternating layers of
interposing material 330 and high-k material 340, and an
clectrode layer 318 have been deposited over a semicon-
ductor substrate 312 having opening for producing a sub-
stitute gate. The multilayer dielectric stack layers 316 and
clectrode layer 318 can be removed from areas where they
overly the planarization material 311 by a chemical
mechanical polish, or other suitable process, to produce a
structure as shown 1n FIG. 8.

FIG. 8 shows the present invention applied to a substitute
gate structure. A multilayer dielectric stack 416 overlays an
active areca 414. During the formation of multilayer dielec-
tric stack 416, multilayer sidewalls 422 and 424 were also
produced. An electrode 418, preferably metal, overlays
multilayer dielectric stack 416, between multilayer sidewall

422 and 424.

The steps 1n the method of the present invention are
illustrated schematically in FIG. 9. The first step 510 1s to
provide a semiconductor substrate. In an alternative embodi-
ment of the present invention, an oxidation barrier will also
be provided overlying the semiconductor substrate.

Step 520 1s the depositing of a thin layer of less than 50
A of an interposing material, such as aluminum oxide
(AL,O3), aluminum nitride (AIN), silicon nitride (SiN or
S1,N,), or silicon dioxide (S10,) or a high-k material, such
titanium oxide (TiO,), zirconium oxide (ZrO,), hafnium
oxide (HfO,), tantalum oxide (Ta,O;), or barium and stron-
tium titanium oxide ((Ba,Sr)TiO5), but preferably ZrO,, or
HIO.,. Preferably, a thin layer of less than 35 angstroms will
be deposited. Even thinner layers of less than 20 angstroms
would be desirable.
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_ Step 530 1s the depositing of a thin layer of less than 50
A an alternate material either the high-k material or the
interposing material, whichever was not deposited 1n Step
520. Preferably, a thin layer of less than 35 angstroms will
be deposited. Even thinner layers of less than 20 angstroms
would be desirable.

In a preferred embodiment of the present invention,
atomic layer deposition, also referred to as “pulsed CVD” or
“atomic layer epitaxy”, 1s used to deposit an extremely thin
layer of material onto the substrate. Atomic layer deposition
employs a chemical phenomenon known as chemisorption.
In chemisorption, a material 1n a gas phase will adsorb to a
surface saturating it, forming a monolayer. Most conven-
tional deposition techniques employ physisorption
processes, which produce multilayer deposition regions with
a surface coverage that 1s purely statistical. By taking
advantage of chemisorption, films can be grown that are
extremely uniform 1n thickness and composition. For
instance, zirconium oxide films have reportedly been grown
this way on silicon by using zirconium chloride (ZrCl,) to
form the first monolayer, purging the system of ZrCl,, and
then exposing the surface to water vapor (H,O). Other
precursors for producing zircontum oxide layers include
zirconium propoxide (Zr(iOPr),) and zirconium tetramethyl
heptanedionato (Zr(tmhd),). Chemisorption occurs over a
very limited range of temperature and pressures for a given
gas-solid combination. For example, zircontum oxide has
reportedly been deposited on silicon substrates at a tempera-
ture of 300 degrees Celsius using Zr(Cl, and H,O. As the
process produces a monolayer, thicker layers of zirconium
oxide would be produced by adding additional monolayers.
Once the desired thickness of high-k material 1s deposited,
a layer of interposing material can be formed by depositing,
one or more monolayers until a desired thickness 1s reached.
For instance, dimethyl aluminum hydride (DMAH) and H,O
will be used to produce Al,O,. The general processes will
need to be optimized, without undue experimentation, to
utilize chemisorption in connection with selected precursors.
The critical aspects of this deposition scheme are sufficient
purging from one component prior to introduction of the
next component, and the ability to control the temperature
and pressure, which may be different for the high-k material
and the interposing material. Atomic layer deposition makes
it possible to produce layers of less than 10 angstroms thick,
and preferably layers between approximately 2 and 5 ang-
stroms thick. An efficient tool for preparing such ultrathin,
atomic layers depositions on semiconductor substrates does
not currently exist, although experimental depositions have
demonstrated that atomic layer deposition 1s workable.

An alternative deposition technique using conventional
systems 1s to sputter targets to lay down a thin layer of
high-k or interposing material. Two sputtering targets of
higch purity metal are used. For example, one target of
zirconium and one target of aluminum. Each target has its
own shutter to control the deposition time. A waler 1s
prepared and placed 1nto a deposition chamber. The wafer 1s
then heated to a temperature between room temperature and
500 degrees Celsius. A mixture of argon (Ar) and oxygen
(O,) 1s then introduced into the deposition chamber. A
plasma with a sputtering power of between approximately
500 W and 5 kW 1s produced within the chamber. The
shutter for the aluminum target 1s preferably opened for
between approximately 1 and 10 seconds to deposit alumi-
num over the wafer and then closed. After the aluminum
target shutter 1s closed, the zirconium shutter 1s opened for
between approximately 1 and 20 seconds to deposit zirco-
nium over the wafer, and then closed. The presence of
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oxygen within the chamber will cause the target material to
form an oxide concurrently with the deposition on the wafer,
producing AlO, and ZrO, respectively. The steps could then

be repeated as desired to produce a multiple layer dielectric
stack such as AlO,/Zr0O.,/AlO,/ZrO,/AlO,/Zx0O..

In another alternative embodiment of the deposition
method of the present 1nvention, evaporation of targets 1s
used to deposit the thin layer. The basic process 1s substan-
fially 1dentical to the description provided above with regard
o sputtering, except that imnstead of exposing the targets to
a plasma, the targets are heated to a temperature of between
approximately 1,000 and 2,000 degrees Celsius. As
described above, shutters can be used to control the duration
of the deposition, and alternate between targets.

Although 1n the above examples, the interposing layer 1s
deposited prior to the high-k layer, 1t would be within the
scope of the present invention to deposit the high-k layer
first. It 1s also within the scope of the present mvention to
produce an uneven number of layers such that the first layer
and the last layer can be the same material, or the last layer
can be a different material altogether.

Step 540 provides for the repetition of steps 520 and 530
until the desired number of layers are deposited. The depo-
sition of each layer can be controlled by utilizing a shutter,
or other means, to control the time of the deposition.

Step 550 1s the annealing of the multilayer dielectric stack
in either an inert atmosphere comprising argon, nitrogen or
a mixture of nitrogen and hydrogen, or an oxidizing atmo-
sphere comprising oxygen, water vapor, di-nitrogen oxide or
nitrous oxide. The annealing 1s preferably performed at an
clevated temperature of between 400 and 900 degrees Cel-
sius to condition the high-k layers and the interposing layers
as well as the interfaces between the various layers and the
interface with the underlying silicon.

Step 560 1s the depositing of an electrode and patterning
of the electrode and the underlying multilayer dielectric
stack. The patterning can be employed with either conven-
fional patterning processes or substitute gate processes as
desired.

Although the present mvention 1s especially well suited
for replacing silicon dioxide as the gate dielectric of a
transistor, 1t would also be usetul as a dielectric for storage
capacitors, ferroelectric memory devices or other types of
integrated circuits.

Alternative embodiments are possible within the scope of
the present invention. As 1s clear from the illustrative
examples, the invention can be practiced 1 a variety of
coniligurations related to several different integrated circuit
structures. Other variations of the method within the scope
of the present invention will occur to those of ordinary skill
in the art. Accordingly, the foregoing disclosure and descrip-
tion thereof are for illustrative purposes only and are not
intended to limit the mnvention. This 1nvention i1s defined by
the claims.
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What 1s claimed 1s:
1. A method of forming a dielectric stack comprising the
steps of:

a) forming a first dielectric layer on an upper surface of a
semiconductor substrate, wherein the first dielectric
layer comprises a first dielectric material, which 1is

H1O.,;

b) forming a second dielectric layer on the first dielectric
layer, wherein the second dielectric layer 1s selected
from the group consisting of Al,O,, AIN, SiN, and
S1;,N,; and

c) forming a third dielectric layer above the second
dielectric layer, wherein the third dielectric layer com-

prises the same dielectric material as the first dielectric
material.

2. The method of claim 1, further comprising the step of
annealing the semiconductor substrate at a temperature

between approximately 400 and 900 degrees Celsius,
whereby the dielectric stack 1s conditioned.

3. The method of claim 2, further comprising the step of
depositing an electrode layer over the dielectric stack and
the step of patterning the electrode layer and underlying
dielectric stack to form a desired integrated circuit structure.

4. The method of claim 1, wherein the step of forming the
first dielectric layer uses atomic layer deposition to deposit
a layer of the first dielectric material.

5. The method of claim 4, wherein the step of forming the
second dielectric layer uses atomic layer deposition to
deposit a layer of the second dielectric material.

6. The method of claim 1, wherein the step of forming the
first dielectric layer uses atomic layer deposition to deposit
a first precursor of the first dielectric material.

7. The method of claim 6, further comprising the step of
oxidizing the first precursor to form the first dielectric
material.

8. The method of claim 6, wherein the first precursor 1s
deposited as a self-limiting monolayer.

9. The method of claim 1, wherein the step of forming the
first dielectric layer uses sputtering of a first target for a
predetermined duration and the step of forming the second
dielectric layer uses pulsed sputtering of a second target for
a predetermined duration.

10. The method of claim 9, wherein the duration of
sputtering the first target and the second target 1s controlled
by shutters.

11. The method of claim 9, wherein sputtering 1s per-
formed 1n an oxidizing atmosphere.

12. The method of claim 1, wherein the step of forming
the first dielectric layer uses evaporation of a first target for
a predetermined duration and the step of forming the second
dielectric layer uses evaporation of a second target for a
predetermined duration.

13. The method of claim 12, wherein the duration of
evaporation of the first target and the second target is
controlled by shutters.
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